Abstract Aquatic mosses of Leptobryum species form unique tower-like pillars of vegetation termed ''moss pillars'' in Antarctic lakes. Moss pillars have distinct redoxaffected sections: oxidative exteriors and reductive interiors. We have proposed that a ''pillar'' is a community and habitat of functionally interdependent organisms and may represent a mini-biosphere. Batteries of 16S rRNA genotypes, or phylotypes, of eubacteria and cyanobacteria, but no archaea, have been identified in moss pillars. However, detailed identification or phylogenetic analyses of the moss and their associated eukaryotic microbiota have not been performed. This study analyzed near-full-length 18S rRNA gene sequences obtained from two whole moss pillars. In total, 28 PCR clone libraries from two whole moss pillars were constructed, and 96 clones from each library (total 2,688 clones) were randomly selected and sequenced. Molecular phylogenetic analysis revealed that the phylotype belonging to Bryophyta, considered to be derived from moss, was closely related (99.9 %) to the 18S rRNA gene sequence from Leptobryum pyriforme. Unexpectedly, phylotypes belonging to a novel clade of fungi dominated (approximately 27-75 %) the moss pillar libraries. This suggests that fungi may contribute to carbon cycling in the moss pillar as parasites or decomposers. In addition, phylotypes related to ciliates and tardigrades were subdominant in the exterior, while the phylotype of the ameba-like, single-celled eukaryote, Cercomonas (Cercozoa), was detected only in the interior. These features were shared by both moss pillars. The 18S rRNA gene-based profiles demonstrated that redox-related factors may control distribution of some eukaryotic microbes in a whole moss pillar.
Introduction
Several lakes with varying water qualities, ranging from freshwater to hypersaline, are present in the ice-free areas along the continental margin of Antarctica (Imura et al. Electronic supplementary material The online version of this article (doi:10.1007/s00300-012-1188-1) contains supplementary material, which is available to authorized users.
2003; Gibson et al. 2006) . These lakes are model sites for limnological and ecological studies investigating the effects of recent global environmental changes (Convey 2006 (Convey , 2011 Laybourn-Parry 2009) . Lake bottoms are known to contain microbial mats consisting of algae such as cyanobacteria, diatoms, and green algae (Vincent 1988 (Vincent , 2000 . The lakes around the Syowa Station, situated in East Antarctica, were reported to have a large moss community known as ''moss pillars,'' containing not only algae but also the aquatic moss of the genus Leptobryum (Imura et al. 1999) . Moss pillars are unique biological communities forming towerlike structures and originating from algal mats on the lake bottom, with large pillars being 40 cm in diameter and 80 cm in height (Imura 2006) . It is not uncommon for bryophytes to form communities on lake bottoms, and such communities have been reported in polar regions, including Greenland, King George Island and Livingston Island (South Shetland Islands, Antarctica), and the Dry Valleys (continental Antarctica) (Quesada et al. 2008) . However, unusual structures such as moss pillars have not been reported in regions other than Antarctica, making them extremely unique ecosystems.
Since the first description of moss pillars by Imura et al. (1999) , much work has been conducted, including the estimation of growth rate by radiocarbon ( 14 C) dating , moss species and attached algae (Ohtani et al. 2001) , distribution of aquatic mosses around Syowa Station (Imura et al. 2003) , carbon, nitrogen, and chlorophyll a contents (Kudoh et al. 2003a; Imura 2006) , temperature and light environment of the moss habitat (Kudoh et al. 2003b; Tanabe et al. 2008) , and photochemical activities of apices and sides of pillars (Kudoh et al. 2003c (Kudoh et al. , 2009 ). Dating of lake sediments revealed that lakes in the ice-free areas around Syowa Station have been formed in the few 1,000 years since the retreat of ice sheets following the end of the last ice age (Iwasa et al. 2000; Matsumoto et al. 2006) . Kimura et al. (2010) were the first to describe the vertical profiles of temperature, salt content, dissolved oxygen, and pH in the Lake Hotoke-Ike where moss pillars were found, clearly showing the existence of thermocline and salinocline between water depths of 1-2 m. Furthermore, long-term, continuous observations of the lakes indicated that this stratification disappeared immediately after the ice covering on the lake surfaces melted in summer (Tanabe et al. 2008; Kudoh et al. 2009 ).
The exterior of moss pillars is green; the apices in particular are bright green with adherent oxygen bubbles . It is likely that the top surface of a moss pillar is in a state of oxygen oversaturation because of active photosynthesis by the moss and algae. Microscopic observations showed that the cyanobacterium Leptolyngbya sp. and the green algae Oedogonium sp. and Cosmarium sp. are attached to the sides of moss pillars (Ohtani et al. 2001) . However, the interior is packed with brown plant residues and gives off a strong odor of sulfur compounds, and thus, it is considered that an oxygen gradient exists between the exterior and interior (Kudoh et al. 2003a) . Nakai et al. (2012) detected phylotypes distributed throughout moss pillars and those in each layer, using fatty acid analysis and molecular phylogenetic analysis based on the 16S rRNA gene. Thus, bacterial communities differ between the exterior and interior of moss pillars and are hypothesized to participate in biogeochemical processes of elements such as carbon, nitrogen, and sulfur.
Knowledge is growing about the morphological and limnological features of Antarctic moss pillars and their bacterial species composition. However, with regard to mosses and the eukaryotic microbiota, only microscopic observations have been reported and no detailed identifications have been performed. Mosses are the major components of moss pillars. In addition, their associated eukaryotic microbiota are considered to play a key role in the production and decomposition of organic matter. We used molecular phylogenetic analysis based on the 18S rRNA gene to elucidate the phylogeny and diversity of mosses and eukaryotic microbiota comprising these unique ecosystems in Antarctic lakes. Our findings will enable further discussion of the phylogeography of mosses and eukaryotic microorganisms in polar environments.
Materials and methods

Study area
Antarctic moss pillar specimens were harvested on January 19, 2000, during the 42nd Japanese Antarctic Research Expedition, at Lake Hotoke-Ike (69°28 0 S, 39°34 0 E), Skarvsnes, about 50 km south of Syowa Station in East Antarctica (Fig. 1) . The water quality of the lake has been described previously (Kudoh et al. 2003b) . Two specimens were harvested gently by SCUBA diving. Specimen A was 22 cm in diameter and 30 cm in height. Specimen B, which was used to compare moss species and eukaryotic diversity between samples, was 20 cm in diameter and 27 cm in height. The specimens were gently placed in buckets containing lake water and sealed tightly. The moss pillars are essentially composed of long moss shoots. They are considerably firm structures that are soft, but not fragile. The specimens were immediately and gently transported to the laboratory on board the icebreaker Shirase by a helicopter. After ensuring the structural integrity of the specimens, they were stored in a freezer (-20°C) until further analysis.
DNA extraction and PCR amplification
Each frozen moss pillar specimen was thawed partially and sectioned into 14 samples (7 exterior, 7 interior) by separating the interior from the exterior layer and dividing each specimen longitudinally into 7 horizontal sections. A sterile knife was used for sectioning the specimens. Exterior sections were labeled O1-O7, and interior sections were labeled I1-I7, as described previously (Nakai et al. 2012 ). Sections were prepared by freeze-drying and then grinding with a sterilized mortar and pestle. DNA was extracted by applying a partially modified version of the bead-beating method reported by Miller et al. (1999) to 500 mg (dry weight) of each sample. Briefly, a subsample (100 mg dry weight) was placed in a 2-mL screw-cap microtube, with 1.2 g of sterilized zirconium/silica beads (BioSpec Products Inc., Bartlesville, OK, USA), 0.3 mL of phosphate buffer (100 mM NaH 2 PO 4 , pH 8.0), 0.3 mL of lysis buffer (10 % SDS, 100 mM NaCl, 500 mM Tris-HCl, pH 8.0), and 0.3 mL of chloroform-isoamyl alcohol (24:1). A Mini Bead Beater 8 (BioSpec Product) was used at 3,200 rpm for 3 min to lyse cells. Beads and broken cell fragments in the tube were then removed by centrifugation (15,000 rpm, 5 min). The supernatant was purified using a Mag ExtractorGenome kit (Toyobo, Osaka, Japan) following the manufacturer's instructions. A PCR clone library was generated from the 18S rRNA gene in the purified genomic DNA. Euk-F and Euk-R were used as PCR primers to amplify the near-full-length 18S rRNA gene (Medlin et al. 1988) . PCR conditions followed DeLong (1992).
Our aim was to examine the presence and distribution of not only the major component species, genus Leptobryum, but also the minor component species, genus Bryum, in moss pillars. For this, the forward primer Bry-F (5 0 -ACA AACTCCCGACTCCGG-3 0 ) and the reverse primer Bry-R (5 0 -GATTACCCAGGCCTACCG-3 0 ) were designed using the 18S rRNA gene sequences for B. capillare (AF205945), B. donianum (AF023704), B. caespiticium (AF023703), B. alpinum (AF023700), and B. argenteum (BAU18529). The PCR-amplified product was approximately 1,300 bp in length. PCR conditions were as follows: initial denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 57°C for 1 min, and extension at 72°C for 1.5 min.
Construction of clone libraries and sequence analyses
The PCR-amplified products were cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) before transformation in Escherichia coli TOP10 (Invitrogen). The nucleotide sequences of inserted 18S rRNA genes were determined using an ABI 3730XL automatic DNA sequencer (Applied Biosystems, Foster City, CA, USA). To obtain near-full-length 18S rRNA gene sequences, M13F, M13R, and Euk516F (Amann et al. 1990 ) primers were used for DNA sequencing. Similar sequences were clustered into phylotypes using the CD-HIT program (Li and Godzik 2006; Huang et al. 2010 ) with a minimum identity of 97 %. These phylotypes were checked for chimeras using RDPII chimera detection (Maidak et al. 2001) and Bellerophon (Huber et al. 2004) . Each phylotype was compared with known 18S rRNA gene sequences by BLASTN search (Altschul et al. 1997 ) against the NCBI nt-database. MEGA 5.0 (Tamura et al. 2011 ) was used for maximum likelihood analyses using the GTR nucleotide substitution model. The rarefaction analysis of microbial diversity was completed using the Rarefaction Calculator (http://www.biology.ualberta.ca/jbrzusto/rarefact.php). The 18S rRNA gene sequences of the phylotypes obtained from the PCR clone library analysis were deposited in the DDBJ/ EMBL/GenBank database, under the accession numbers AB695444 to AB695539.
Results and discussion
Eukaryotic diversity in moss pillars based on 18S rRNA gene sequences
The eukaryotic 18S rRNA gene was detected by PCR amplification in all samples from both moss pillars. A total of 1,344 clones were obtained from specimen A for analysis, of which 1,112 could be used for phylotyping after excluding unclear sequence waveforms and chimeric sequences. Phylotyping (C97 %) of these 1,112 clones yielded 52 phylotypes. Phylogenetic classification separated the 52 phylotypes into the following 9 phylotype groups: 1 Bryophyta, 13 Alveolata (1 Apicomplexa, 10 Ciliophora, 2 unclassified Alveolata), 7 Amoebozoa (1 Mycetozoa, 2 Tubulinea, 4 unclassified Amoebozoa), 1 Chlorophyta, 7 Fungi, 8 Metazoa (1 Nematoda, 2 Platyhelminthes, 1 Rotifera, 2 Tardigrada, 2 unclassified Metazoa), 3 Rhizaria, 2 Rhodophyta, 10 Stramenopiles (1 Chrysophyceae, 2 Dictyochophyceae, 1 Hyphochytriomycete, 3 Labyrinthulida, 1 Oikomonadaceae, 1 Oomycete, and 1 unclassified Stramenopile) (Table 1 ; distribution, phylogenetic classification, and BLASTN homology search results for each phylotype in the 14 samples are shown in Table S1 ; the phylogenetic tree of phylotypes is shown in Fig. S1 ). It was found that the phylotypes belonging to Bryophyta and Fungi dominated the moss pillar libraries. Primary producers such as Chlorophyta and Rhodophyta were also detected. These algae have been identified using microscopic observations (Ohtani et al. 2001 ). In addition, phylotypes related to ciliates and tardigrades were found to be subdominant in the exterior, while the phylotype of the ameba-like, single-celled eukaryote, Cercomonas (Cercozoa), was detected only in the interior. This suggests that the exterior and interior of moss pillars have common eukaryotic phylotypes as well as characteristic phylotypes unique to each layer. This layer-specific distribution of phylotypes reflects the double-layered structure comprising an oxidative exterior and a reductive interior. Kudoh et al. (2009) reported that hydrogen sulfide gas was not detected in the water column and at the surface of the phytobenthos in Lake Hotoke-Ike; however, C1 lg g -1 (wet weight) of hydrogen sulfide gas was detected from deeper than 5 mm within the phytobenthos mat samples. This suggests that the subsurface interior part remains in anoxic condition. The previous 16S rDNA cloning analysis also detected the gram-positive obligate anaerobe Clostridium only in the interior of the pillar (Nakai et al. 2012) . Thus, moss pillars are considered to create very suitable environments for algae and other small animals such as ciliates and tardigrades. Rarefaction analysis revealed that biodiversity of the exterior could be higher than that of the interior (Fig. 2) . This lower biodiversity may be reflected by the more restrictive environmental conditions, such as anoxic conditions in the inner part of the pillars.
If the 18S rRNA genes of all eukaryotes were equally easily amplified and all had similar copy numbers, then the proportion of sequences from different phylotypes at the end of a PCR run would reflect their abundance in the starting mixture. However, in reality, the copy number varies among taxa (Potvin and Lovejoy 2009 ) and the number has been correlated with the genome size (Zhu et al. 2005) . Larger cells tend to contain more genomic DNA (Cavalier-Smith 2005) . This may have affected our results.
Bryophyta detected in moss pillars
The 235 sequences belonging to Bryophyta (approximately 21 % of the total) were classified into a single phylotype (Table 1 ). The phylotype was obtained from all 14 samples (both interior and exterior layers) of the studied moss pillar (Table 1) . The phylotype considered to be the major component species of the pillar had a 99.9 % homology with the 18S rRNA gene sequence from Leptobryum pyriforme (X80980), the most closely related species with only 1 base mutation from the sequence in the database. This is in agreement with a previous study by Imura et al. (1999) , which showed that the major component species of moss pillars belong to the genus Leptobryum. The existence of the genus Leptobryum in lakes around Syowa Station in East Antarctica was first reported by Nakanishi (1977) . Furthermore, in the Skarvsnes area around Syowa Station, where moss pillars are found, the presence of the genus Leptobryum was confirmed in 24 individual lakes, of which 8 lakes were found to have moss pillar formations (Imura et al. 2003) . Other reports of the genus Leptobryum are limited to lakes around the Indian stations in Schirmacher Oasis, situated at a distance of 1,000 km from Syowa Station (Tewari and Pant 1996) . Thus, distribution of the genus Leptobryum is limited to lakes around Syowa Station and Indian stations, with no reports from any other lakes in Antarctica. One option for understanding the mechanism by which this genus has been established in these lakes would be to use phylogenetic analysis based on genes with faster evolutionary rates than the 18S rRNA gene and multiple L. pyriforme samples from different environments.
We attempted PCR amplification with the primers designed to detect 18S rRNA genes of the genus Bryum, but met with no success because of the detection limit.
A previous study also showed that the moss species in moss pillars mainly belong to the genus Leptobryum and that Bryum pseudotriquetrum is a minor or absent (Ohtani et al. 2001) . The moss pillar samples used in this study may not contain the genus Bryum.
Most dominant fungi in moss pillars
The 622 sequences belonging to Fungi (approximately 56 %) were classified into 7 phylotypes that were exceedingly dominant in all 14 samples (both interior and exterior layers) (Table 1) . Furthermore, all phylotypes obtained had a homology of \90 % with the 18S rRNA gene sequences of known, cultured fungi species, thus showing their novelty. Of the 7 phylotypes, MPE1-17 (574 clones) was dominant and had a 92.4 % homology with a closely related environmental clone (FR874399) obtained from the coastal waters of fjords. This phylotype, another 4 phylotypes (MPE1-18, MPE1-20, MPE1-22, and MPE1-23), and 4 environmental clones formed a novel clade within our phylogenetic tree (Fig. S1 ). The MPE1-17 had an 86.1 % homology with the 18S rRNA gene sequence from Entophlyctis helioformis isolate AFTOL-ID 40 (AY635826) (Chytridiales); this was the nearest relative among known cultured fungi. In addition, MPE1-23, obtained in this study, shows a relatively high homology (88.9 %) with Hyaloraphidium curvatum of the known Chytridiomycota (chytrids). 
Unclassified Stramenopiles Chytrids are common fungi that are found in aquatic habitats and moist soil; some are parasitic on mosses, algae, and tardigrades, while others are saprophytes (Dewel et al. 1985; Gleason et al. 2008 ). Because parasitic chytrids are able to penetrate and grow within their hosts, they may exert an effect on the eukaryotic microbiota. Saprophytes decompose organic matter in water and soil and obtain nutrients. Some saprophytes can degrade refractory organic substrates such as cellulose and are considered to play a key role in the carbon cycle (Gleason et al. 2008) . Freeman et al. (2009) reported that in soil at high altitudes such as in the Himalayan and Rocky Mountains, and on Alexander Island on the western Antarctic Peninsula, sequences that are closely related to chytrids are more than 70 % of the fungal sequences, elucidating the presence of unique ecosystems dominated by chytrids. This study also shows that a novel clade of fungi is exceedingly dominant (approximately 27-75 %) in the clone library from moss pillar samples. This suggests that these fungi could play a key role in establishing and maintaining moss pillars if they are involved as parasites or decomposers.
Alveolata, Metazoa, and Rhizaria detected in moss pillars
The 92 sequences belonging to Alveolata (approximately 8 %) were classified into 13 phylotypes (Table 1) . Among these, phylotypes (81 clones) closely related to ciliates were dominant and detected in both exterior and interior layers of moss pillars. Ciliates are capable of feeding on bacteria, and some are known to be able to grow in anaerobic environments (Fenchel and Finlay 1995) . In our study, phylotypes closely related to ciliates in the Oxytrichidae family, known for growth in anaerobic environments (Schwarz and Frenzel 2003) , were obtained from the reductive interior. This implies that some ciliates may be the main bacterial predators in the interior of moss pillars. In general, anaerobic ciliates contain symbiotic methaneproducing bacteria or purple bacteria (Fenchel and Finlay 1995) . These endosymbionts are in charge of most of energy transformation under anaerobic conditions. Although the sequences related to methane-producing bacteria were not detected in previous 16S rRNA gene analysis (Nakai et al. 2012) , sequences related to purple bacteria were obtained. Anaerobic ciliates detected in this study may contain similar symbiotic bacteria.
The 85 sequences belonging to Metazoa (approximately 8 %) were classified into 8 phylotypes (Table 1) . Of these, 2 phylotypes (71 clones) closely related to tardigrades were dominant, and approximately 90 % of detected clones were obtained from the exterior layer of the moss pillars. The first phylotype, MPE1-42 (49/71 clones), had a relatively high homology (98.8 %) with the 18S rRNA gene sequence from the known species Diphascon pingue (FJ435736). The second phylotype, MPE1-43, showed a 99.8 % homology with the known species Acutuncus antarcticus isolate Acut_06_262 (EU266943). Both of these tardigrades are found not only in East Antarctica but also in Graham Land (northern Antarctic Peninsula), South Orkney Islands (maritime Antarctica), and South Georgia Island (sub-Antarctica) (Convey and Mcinnes 2005) , thus indicating that the species is widely distributed through Antarctica. The phylotypes found in the exterior and belonging to Metazoa also included some phylophytes with a relatively high homology (C97.7 %) with known genera of nematode and rotifers, indicating that the exterior layers are habitats not only for tardigrades but also for a variety of small animals.
The 10 sequences belonging to Rhizaria (approximately 1 %) were classified into 3 phylotypes (Table 1) . These phylotypes all belong to the genus Cercozoa, and a phylotype with a high homology (98.4 %) to the 18S rRNA gene sequence of Cercomonas alexieffi (AF411267) was found to exist specifically in the interior layer. The genus Cercomonas is an ameba-like, single-celled eukaryote, and some of its species are reported to grow under anaerobic conditions. In fact, sequences related to Cercomonas have been detected from anaerobic environments (Murase et al. 2006) . This suggests that some species of Cercomonas may be the main bacterial predators in the reductive interior, similar to the ciliates of the Oxytrichidae family as previously mentioned; this may affect bacterial species composition of the interior of moss pillars.
Stramenopiles detected in moss pillars
The 27 sequences belonging to Stramenopiles (approximately 2 %) were classified into 10 phylotypes (Table 1) . Of these phylotypes, the dominant sequences were closely related to the unicellular heterotrophic fungoid-like eukaryote Labyrinthulida, which forms an independent cluster in the phylogenetic tree. Microorganisms that are classified as Labyrinthulida are generally known to exist in oceans, especially along coastal areas (Raghukumar 2002) , although freshwater taxa/species/organisms are also known (Tong et al. 1997) . These microorganisms can decompose easily degradable organic matter, such as starch and fatty acids, and refractory organic matter, such as cellulose (Raghukumar 2002) . Accordingly, although their biomass may be small, it is highly possible that these microorganisms are involved in the decomposition of dead moss and algae. Furthermore, Labyrinthulida have approximately 10 3 times greater biovolume than bacteria (Kimura and Naganuma 2001) . Considering that they can be directly preyed upon by large ciliates and accumulate fatty acids inside their bodies at high levels (Kimura and Naganuma 2001) , these microorganisms may be enhancing the transfer efficiencies within food webs in moss pillars.
One phylotype (3 clones) was closely related (98.5 %) to the 18S rRNA gene sequence from a golden-brown alga Ochromonas sphaerocystis (AF123294) (Chrysophyta). Thus, this study detected not only the sequences related to heterotrophic stramenopiles but also those related to autotrophic stramenopiles.
Comparison of eukaryotic community composition between moss pillars
To confirm the reproducibility of our genetic analysis of moss pillar specimen A, and to compare the eukaryotic microbiota between moss pillars, we attempted to obtain near-full-length 18S rRNA genes from moss pillar specimen B. A total of 1,344 clones were obtained from specimen B for analysis, of which 1,119 could be used for phylotyping after excluding unclear sequence waveforms and chimeric sequences. These yielded 44 phylotypes (C97 %) that were compared with 52 phylotypes obtained from specimen A. As a result, specimen B had 18 phylotypes (based on the 97 % criterion) in common with specimen A. In other words, 34 phylotypes were found only in specimen A, 26 were found only in specimen B, and 18 were common (Table 2 ; distribution, phylogenetic classification, and BLASTN homology search results for phylotypes from specimen B are shown in Tables S2, S3 , and S4; the phylogenetic tree of phylotypes is shown in Fig. S1 ). The number of common phylotypes corresponds to 35 % of specimen A phylotypes and 41 % of specimen B phylotypes. The common phylotypes in both specimens were phylogenetically classified into 9 phylotype groups: 1 Bryophyta, 5 Alveolata (1 Apicomplexa, 4 Ciliophora), 3 Amoebozoa (2 Tubulinea, 1 unclassified Amoebozoa), 1 Chlorophyta, 1 Fungi, 2 Metazoa (1 Rotifera, 1 Tardigrada), 1 Rhizaria, 1 Rhodophyta, and 3 Stramenopiles (1 Labyrinthulida, 1 Oikomonadaceae, 1 unclassified Stramenopile) ( Table 2 ). According to a report by Imura et al. (2000) , it takes approximately 300 years for a moss pillar to grow to 20 cm in height. The specimens A and B used in this study would require 450 and 400 years, respectively, for this amount of growth. This suggests that even though the pillars inhabit the same lake, these were at different growth stages. Therefore, the difference in eukaryotic microbiota between moss pillars may be dependent upon the microorganisms that immigrate to the structure in the growth stage. Additionally, the microheterogeneity of the community within each moss pillar may have affected our results. However, surprisingly, there are common phylotypes among individuals; the commonalities can be considered to indicate certain trends in eukaryotic community structure. 
Hyphochytriomycetes ( The sequences belonging to Bryophyta obtained from specimens A and B had a 100 % match. Furthermore, the following features were shared by both specimens: a novel clade of fungi was exceedingly dominant in both entire moss pillars; the phylotypes belonging to ciliates and tardigrades were subdominant in the exterior layers; and the phylotype of the ameba-like, single-celled eukaryote, Cercomonas (Cercozoa), was also detected only in the interior (Tables S1  and S3 ). From the above, it seems highly probable that some eukaryotic phylotypes showed pillar-wide distributions, while others were section-specific.
However, the frequency of detection of ciliates (Alveolata) in the exterior differed between specimens, as reflected in clone occupancies of 3.3 and 6.8 % of total clones in specimens A and B, respectively. The moss pillar exterior is in direct contact with lake water, and it is highly probable that the eukaryotic phylotypes are partially shared with those present planktonically in the lake water. This may be indicated by the phylogenetic groupings in our analysis. In fact, the phylotype closely related to the known planktonic ciliate Halteria grandinella was detected only in the exterior of both moss pillars. Furthermore, the frequency of detection of tardigrades (Metazoa) was 6.4 % for specimen A and 12.3 % for specimen B with some discrepancy between the specimens. The difference in benthic animals between moss pillars may be dependent upon the microorganisms that immigrate to the structure in the growth stage as previously described. Rarefaction analysis showed that specimen B, like specimen A, showed potentially higher biodiversity on the exterior part of the moss pillar than on the interior part (Fig. 2 ). This conclusion was further supported by the average values of the Shannon index for the exterior (1.78) and the interior (0.80) parts of the moss pillar (Tables 1 and S2 ).
Conclusion
Our study shows that moss pillars contain not only moss and algae but also fungi and various small animals, as determined by molecular phylogenetic analysis of 18S rRNA gene sequences using two whole moss pillars. It appears highly probable that autotrophic green algae, red algae, and golden-brown algae function as primary producers, while fungi, ciliates, and Labyrinthulida function as parasites or decomposers in establishing and maintaining these ecosystems. However, we have isolated the DNA from both benthic and planktonic cellular debris and undegraded biological materials. In future, we intend to identify the living organisms that were actually playing an ecological role with the help of morphological studies. Of all 78 phylotypes obtained, 47 (approximately 60 %) have a below 95 % homology with known genera and species, suggesting novel taxa at species, genera, or class levels. We also found the existence of unclassified Alveolata, Amoebozoa, Metazoa, and Stramenopiles. The moss pillar ecosystems unique to Antarctic lakes clearly have eukaryotic microbiota with extremely high phylogenetic novelty. To elucidate genetic and physiological characteristics of the exceedingly dominant fungi in moss pillars, isolation, culturing, and genome analysis are required.
